ABSTRACT: Management plans for North Atlantic right whales Eubalaena glacialis focus on preventing mortality from ship strikes and fishing gear entanglement. However, recovery may also be limited because individuals are under nutritional stress. We quantified the food requirements of North Atlantic right whales by age, sex and reproductive state and compared their predicted needs with field estimates of prey consumption to assess whether any demographic group of right whales might be nutritionally stressed. Energy requirements were estimated using a bioenergetics model that accounted for uncertainty in energy inputs and outputs. Consumption was estimated with prey samples taken near feeding whales in Cape Cod Bay (n = 28 net collections) and the Bay of Fundy (n = 19 optical plankton recordings). We found that calves required the least energy (~1767 MJ d ) compared favorably with estimates of actual consumption in Cape Cod Bay and the Bay of Fundy (i.e. they differed by ≤15%), suggesting that our model was reliable. However, lactating females appear to have obtained considerably less than their predicted energy requirements in both habitats. These findings suggest that lactating females may be experiencing an energy deficit, which may affect reproductive rates and slow population recovery. Nutritional stress may thus be limiting the recovery of North Atlantic right whales.
INTRODUCTION
Anthropogenic mortality from ship strikes and entanglement in fishing gear is widely believed to be delaying the recovery of North Atlantic right whales Eubalaena glacialis (Caswell et al. 1999) . However, such direct anthropogenic mortality may not be the only factor slowing their recovery (Knowlton et al. 1994 , Fujiwara & Caswell 2001 ).
Several studies have found biotoxins, contaminants, and parasites in right whale tissue, feces and prey (e.g. Woodley et al. 1991 , Weisbrod et al. 2000 , Durbin et al. 2002 , Doucette et al. 2006 , Godard et al. 2006 , Rolland et al. 2007b , Wise et al. 2008a , which could compromise reproduction. There is also mounting evidence that the North Atlantic population might be experiencing periods of prey shortage, which could similarly im pair calving rates (Reeves et al. 2001 , Greene & Pershing 2004 , Pettis et al. 2004 . Significantly fewer calves were observed between 1993 to 1995 and 1998 to 2000, when decreases in prey availability were detected (Greene & Pershing 2004 ), than would have been expected by chance alone (Kraus et al. 2007) .
North Atlantic right whales exhibited signs suggestive of pronounced periods of physiological stress and poor overall health during the late 1990's. While residing in the Bay of Fundy (Canadian feeding ground), they appeared thin and had various forms of skin lesions on their bodies (Pettis et al. 2004 ). Adult females also had longer intervals than usual between births and, consequently, had low reproductive rates (Kraus et al. 2007 ). Such negative physiological states are consistent with nutritional stress (e.g. King & Murphy 1985 , Lockyer 1986 , 2007 , Trites & Donnelly 2003 and might reflect the apparent scarcity of their primary prey during the 1990s (Greene & Pershing 2000 . These negative changes during the late 1990's were relatively short lived and suggest that North Atlantic right whales periodically experience times when they are unable to meet their daily energy needs. Future oscillations in the environmental conditions thought to affect the quality and quantity of right whale prey are expected to increase with greater frequency in parallel with increases in greenhouse gas emissions (Greene & Pershing 2004) , which may further affect the recovery of the species.
Determining the conditions under which right whales might be nutritionally compromised requires knowing how much food they need and how much they consume. Estimates of energetic consumption can be obtained by observing foraging times and by collecting prey samples near feeding whales -but estimating how much food large whales require is more difficult. For most small cetacean species, energy needs can be estimated using well-established captive (e.g. respirometry) and field study techniques (e.g. doubly-labeled water and overall dynamic body acceleration). Data derived from wild studies are often limited to a few demographic groups and a small number of individual measurements. Furthermore, wild studies only provide a single estimate of field metabolic rate relative to a specific set of environmental conditions. However, for a large whale that cannot be kept in captivity and cannot be physically restrained in the wild or monitored using invasive tags, mathematical modeling can be used to estimate energy needs (Lockyer 1981 , Kenney et al. 1986 , Winship et al. 2002 , Noren 2011 , Williams et al. 2011 ).
Only one quantitative bioenergetics model has been constructed to date to estimate the daily food requirements of North Atlantic right whales. This model (Kenney et al. 1986 ) was parameterized using estimates for average body mass, metabolic rate, assimilation efficiency, time spent feeding, mouth size and swimming speed. An underlying assumption of this model was that the food requirements of North Atlantic right whales could be determined for an average whale and extrapolated to the entire population without accounting for the needs of different sexes, age-classes and reproductive states. Thus, this model did not account for the significant age-specific costs of basal metabolism, activity and feeding rates. These early estimates of food requirements (Kenney et al. 1986 ) can be refined by accounting for the costs of growth and reproduction, and the age-and sexspecific energy needs of the population.
The response of individual animals to changes in the quality and quantity of prey available to them will differ between young and old, pregnant and non-pregnant, and lactating and non-lactating whales. This, in turn, will influence whether the overall population will increase, remain stable or decline. In terms of nutrition, species recovery is probably most tightly tied to the nutritional condition of sexually mature females who bear the costs of pregnancy and lactation and may forgo reproduction to conserve energy during lean years (e.g. Lockyer 1986 , 2007 , Miller et al. 2011 . Recovery is also likely tied to the ability of the newly independent and relatively inexperienced juveniles to survive by finding sufficient prey to meet their daily needs. Thus, determining the food requirements of different age-classes, sexes and reproductive states is essential for assessing the nutritional status of the species relative to their potential recovery.
We sought to predict the food requirements of different demographic groups of North Atlantic right whales using a generalized bioenergetics model that was parameterized using current information about right whale growth, body composition, digestive efficiency, metabolism, and costs of activity. We incorporated uncertainty into each model parameter and ran a sensitivity analysis to assess the reliability of the model predictions. We then estimated the amount of food right whales actually consumed using observations of feeding behaviour and the energy density of prey sampled in 2 critical habitats (Bay of Fundy and Cape Cod Bay). Finally, we compared the predicted energy needs of different demographic groups of right whales with the observed amounts of prey consumed in the 2 habitats to evaluate the model predictions and assess the nutritional stress hypothesis.
MATERIALS AND METHODS

Bioenergetics model
The bioenergetics model for right whales was essentially a simple energy balance equation that expressed how gross energy translates into metabolizable energy (e.g. remaining energy after fecal and urinary energy loss) and how it is partitioned among various aspects of production (e.g. growth and reproductive costs) and maintenance parameters (e.g. basal metabolism and costs of locomotion). The model was parameterized using both pre-existing speciesspecific data and non-specific estimates from other marine mammal species. Parameter values for each demographic group of right whales in the model were not deterministic but were chosen from distributions of possible values by incorporating uncertainty into each model parameter using Monte Carlo methods that randomly drew values (10 000) based on probability distributions of each parameter (i.e. normal, uniform, triangular, gamma). We therefore generated thousands of possible estimates of the daily energy needs for each demographic group of North Atlantic right whales, from which we calculated a mean estimate of energy requirements and a standard deviation. This Monte Carlo modeling approach also allowed us to assess the relative influence and uncertainty of each parameter group (metabolism, growth, digestion, fasting and reproduction) on the model outputs (e.g. Petersen et al. 2008 , Winship et al. 2002 .
We calculated mean daily gross energy requirements (GER) by sex for 3 age classes (calf, 0 to 1 yr; juvenile, >1 and < 9 yr; and adult, > 9 yr) (Hamilton et al. 1998) , and for 3 reproductive states of adult females (pregnant, lactating and resting) using:
( 1) where GER is the gross energy requirement by sex, age and reproductive class, and P is production or body growth, A is activity, BMR is basal metabolic rate or resting metabolic rate for actively growing or reproductive individuals, E HIF is the efficiency with which metabolizable energy is used (or 1 minus the heat increment of feeding expressed as a proportion of metabolizable energy), and E F+U is digestive efficiency (fecal and urinary) (Winship et al. 2002) . R G+L is the total cost of gestation and lactation. t m and t r represent the time in days individuals spend fasting while migrating and residing in the southern calving grounds and north to the foraging grounds, respectively.
To estimate the basic daily energy needs of North Atlantic right whales and assess whether different demographic groups may be able to meet their immediate energetic needs, we also predicted mean daily GER without accounting for the additional energetic deficit from fasting for different demographic groups.
Model parameters
We estimated digestive efficiency (E F+U ) by incorporating existing values of fecal efficiency from right whales and predicted values of urinary digestive efficiency. We first assumed that the digestive efficiency of right whales varied according to the species and life-stages of calanoid copepods consumed given that the amount of digestible material (i.e. wax esters) fluctuates between life stages. Previous estimations that 6% of ingested energy (Swaim et al. 2009 ) would be lost through feces when a right whale consumes an exclusive diet of Stage 5 (CV) Calanus finmarchicus, which is their primary prey (Mayo & Marx 1990 , Beardsley et al. 1996 , Baumgartner et al. 2003a , were used. Energy loss through urine is unknown but is presumably proportional to the nitrogen content of prey (urinary loss represents ~90% of total nitrogen content per organism; Worthy 1990). We thus assumed that ~8% of ingested energy was lost through urine. This estimate is based on a mixed diet of all life stages of C. finmarchicus, Centropages hamatus, Centropages typicus and Pseudocalanus spp. and was calculated using mean carbon/nitrogen values for different life stages from DeLorenzo Costa et al. (2006a) . We accounted for the energy lost when consuming a mixed diet because these are the primary prey consumed in Cape Cod Bay (Mayo & Marx 1990 , DeLorenzo Costa et al. 2006a . Making these assumptions yielded a combined fecal and urinary loss of 14% (or a digestive efficiency of ~86%) for a mixed diet containing equal proportions of all species, but a combined loss of ~26% (digestive efficiency of 74%) if the diet consists only of CV C. finmarchicus. Overall, the digestive efficiency was estimated to be lower for an exclusive CV C. finmarchicus diet compared to a mixed diet because the nitrogen content of CV C. finmarchicus is ~80% higher than for the other taxa (DeLorenzo Costa et al. 2006a ).
Ingested energy is also lost through the heat increment of feeding (E HIF ) which represents an increase in GER BMR)
heat production associated with digesting food (Smith et al. 1978) . As much as 10 to 15% of energy ingested by pinnipeds may be expended during the digestion process (Markussen et al. 1994 , Costa & Williams 1999 , but information on cetacean heat increment of feeding is unavailable (Worthy 1990) . Assuming that the heat increment of feeding is partially dictated by nutritional state (Ryg & Øritsland 1991 , Rosen & Trites 1999 , Winship et al. 2002 , we estimated the efficiency of utilization of metabolizable energy (E HIF ; 1 − heat increment of feeding) for right whales using normally distributed values derived for Steller sea lions Eumetopias jubatus for the energetic costs of digestion associated with maintenance and growth in protein and lipid (Rosen & Trites 1999 , Winship et al. 2002 . We assigned the maintenance E HIF parameter to adult right whales, and the weighted proportions of protein and lipid E HIF to juveniles and calves based on the percentage of fat and protein reported for these age classes in commercial whaling records (Lockyer 1976 , Lockyer et al. 1985 ; Tables 1 & 2 (Rosen & Trites 1999 ) and the nitrogen content of right whale prey, which may be used as a proxy for protein content, ranges from 3.5% (Centropages typicus all stages) to 22.2% (Calanus finmarchicus CV) (DeLorenzo Costa et al. 2006b ). Production costs (P) were estimated using growth curves to calculate the increase in body mass from one age to the next and also included corresponding information about the body composition of each age group. We estimated mass-at-age by first predicting length-at-age using a 2-phased Gompertz growth model and then using an allometric weight-at-length model (Fortune et al. 2012) . We estimated the energetic cost of growth for each age class with growth data for individuals aged 0 to 22 yr using the following (Winship et al. 2002) :
where P is production (kJ), ΔM is the body mass growth increment (kg), p lip is the proportion of new body mass that is lipid, ED lip is the energetic density of lipid (~39 300 kJ kg −1 ; Schmidt-Nielsen 1990), p w is the proportion of lean tissue that is water, and ED pro is the energetic density of protein (~18 000 kJ kg -1 ; Schmidt-Nielsen 1990, Winship et al. 2002) . We assumed that body mass was either lipid or lean tissue and that lean tissue was either protein or water (Winship et al. 2002) . The proportion of total body mass that is blubber varied with age, and the proportion of lipid in blubber was 90% for all groups (Woodley et al. 1991 , Miller et al. 2011 . Whaling data from other baleen whales provided estimates for the proportion of lean tissue that was protein and the proportion of lean tissue that was water (Lockyer et al. 1985) .
We estimated basal metabolic rate using an allometric model because it has never been directly measured for right whales. The model we used: and M is body mass in kg (Kleiber 1975 , Lockyer 2007 . We allowed BMR to vary by drawing estimates of body mass from a distribution of possible values for each age class (from within the 95% confidence limits of the growth curves derived for right whales; Fortune et al. 2012 Irving et al. 1935 , Scholander et al. 1942 , the basal metabolic rate of the closely related bowhead whale Balaena mysticetus is estimated (using a heat-flux model) to only be about one-third of that predicted by Kleiber for terrestrial mammals (George 2009 ). This low metabolic rate might reflect having a disproportionately greater amount of fat and a low relative proportion of to lean tissue compared bone and adipose tissue (Kleiber 1975 , Costa & Williams 1999 . Given the uncertainty in whether the basal metabolic rate of North Atlantic right whales is higher or lower than the Kleiber allometric prediction, we chose to assume that basal metabolism was best described using Kleiber's equation. We accounted for the elevated metabolic rate of immature animals that are actively growing (e.g. juvenile metabolic rate is 2 times the rate of adults of the same body mass; Brody 1945 , Worthy 1987 , Hansen et al. 1995 by multiplying the BMR of calves by 1.4 and the BMR of juveniles by 1.2 (decreased BMR scalar because rate of growth in mass is ~50% less than that of calves). Although the scalars were less than twice Kleiber, which is a common assumption, the multiplicative effects of the costs of activity ultimately elevated the metabolic rate to ~1.8 times Kleiber. Costs of activity were estimated by combining information about the daily activity budget of right whales with the physical forces they need to exert to overcome the swimming drag associated with undertaking each of the predominant behaviours. We began by assuming a simplified activity budget wherein individuals partitioned their time into either only feeding or traveling and incorporated the costs of these activities using a metabolic scalar. For example, Nousek-McGregor (2010) estimated that the energetic costs of foraging were ~500 MJ d −1 and that costs associated with traveling were ~30% lower. We then used activity-specific drag coefficients to estimate the activity costs (A) associated with each behaviour (Nousek-McGregor 2010) and the proportion of time (PT) that individuals spent per day engaged in each behaviour (travel or foraging):
For pregnant females, we increased costs by 3 to 4% to account for increased drag (Nousek-McGregor 2010) . We also incorporated uncertainty into our estimate of A by varying the proportion of time individuals spent foraging (PT forage ) (52 to 93% or ~12 to 22 h d −1 ), assuming that whales were only traveling when they were not foraging (Goodyear 1996) . Since the energetic costs of foraging are greater than traveling, our upper bound estimate of A assumed the whales foraged for ~22 h d −1 and our lower bound estimate assumed only ~12 h d −1 . The foraging season of mysticete whales is highly seasonal compared to odontocetes that forage almost continuously throughout the year. We assumed that fasting occurred while individuals were traveling from their calving grounds in the southern United States (Florida and Georgia) and while they occupied these calving grounds. We used the North Atlantic Right Whale Consortium Identification Database to estimate the minimum residency time for all demographic groups on the calving grounds by subtracting the first day an individual was observed in the habitat from the last day sighted (North Atlantic Right Whale Consortium 2010). We used migration times of 21 to 26 d (Firestone et al. 2008 ) and assumed that lactating females spent a minimum of 7 d on the calving grounds and excluded any estimates below this threshold. We incorporated the estimates of fasting into the bioenergetics model by reducing the total number of days available for foraging per year (365 minus the number of fasting days). To include uncertainty in the predictions, we assumed that the migration parameter had a normal distribution for all demographic groups and that the probability distribution for the residency parameter varied among demographic groups (normal and gamma).
Costs of gestation for mammals in general are commonly estimated by modeling fetal growth. Unfortunately, we had to rely on allometric models because fetal data are too sparse to directly model fetal growth (mass) of North Atlantic right whales. We used 2 methods to estimate the costs of gestation. First we calculated the heat of gestation (R G ), which required calf mass measurements and was estimated using:
where R G is in kJ and M f is the mass of the fetus in kg (Brody 1968 , Lockyer 2007 . This method includes the energy expense of maintaining the pregnant uterus, work of fetal and maternal growth of pregnancy and the increased work of the maternal physiological load (e.g. circulation, excretion, respiration, maternal hormone influences of pregnancy and fetal metabolism) (Lockyer 2007) . We also assumed that the cost of pregnancy was equivalent to ~1% of the adult female's basal metabolic cost (Blueweiss et al. 1978 , Michaud 2005 . Employing both methods en -abled us to incorporate uncertainty into the model predictions.
We incorporated information about calf energy needs and estimates of female milk production to account for the elevated costs of lactation. First, we added the daily GER estimate for the calf to the daily GER estimate for the lactating female assuming 90% efficiency of energy transfer between the mother and offspring (resulted in lactating females providing 110% of the predicted energy needs of the calf; Lockyer 1981). We then estimated the energetic cost of lactation by accounting for the quantity of milk produced, the duration of the nursing period and the caloric content of milk (Lockyer 1981) . Information on the quantity and quality of milk from other baleen whales was then combined with information on the estimated age of weaning for right whales (Lockyer 1981) . Thus, we again employed 2 different methods to incorporate a range of predictions for the cost of lactation.
Parameter uncertainty and model evaluation
Uncertainties in model predictions were evaluated using Monte Carlo simulations that selected different combinations of parameters from a predetermined range of possible values. We assigned a probability distribution for each model parameter (i.e. uniform, normal, triangular and gamma) based on available information or assumed a uniform distribution in the absence of adequate information. We then conducted a Monte Carlo simulation by varying all parameter inputs assuming a probability distribution with a range above and below the mean value for a normal distribution, a minimum and maximum value for a uniform distribution, an upper, lower and mode estimate for a triangular distribution, and a shape, rate and scale estimate for the gamma distribution. Ten thousand iterations were completed by simultaneously varying all model inputs (Tables 3 & 4) . Parameters with greater uncertainty were expected to have the largest range in predicted values, which in turn would affect the accuracy of the model predictions.
We conducted a sensitivity analysis of the model predictions to understand whether the model outputs were sensitive to specific input parameters and whether more accurate values would improve the applicability of the model. This analysis would determine the sensitivity of model outputs to variability (or uncertainty) of an input parameter and whether model outputs were correlated with an input para meter to the degree that small changes in the in put value caused significant changes in the output (Hamby 1994 of variation for each parameter group revealed which parameters introduced the greatest uncertainty into our model predictions. Sensitivity analyses are important for model refinement and for highlighting areas of data deficiency and can thus be used to determine where future research should be focused to derive better estimates of food requirements.
Consumption estimates
We evaluated the model predictions by comparing the GER estimates for different demographic groups with estimates of energetic consumption (EC; see Eq. 6) in 2 feeding habitats. Our general method was to combine estimates of prey energy density (combining prey quality D energy and prey density D prey ) from field samples with consumption estimates calculated from foraging behaviour and biomechanics. Prey density was calculated using 17 samples from the Bay of Fundy and 2 samples from the adjacent Roseway Basin habitat. All were collected at depth from an optical plankton counter (Baumgartner & Mate 2003) . The 28 samples from Cape Cod Bay were collected at the surface with a conical net (60 cm diameter ring net with 333 μm mesh) by the Provincetown Center for Coastal Studies; samples were taken from the path of feeding right whales (within 50 m of the skim feeding animal). Consumption rates were calculated by estimating the foraging , and a proportion of time spent feeding that ranged from 52 to 93% (Goodyear 1996) . Varying the time spent feeding (~12, 15 and 22 h d −1 according to Goodyear 1996) allowed us to generate low, medium and high estimates of energy consumption. Since the foraging behaviour differed between habitats (deep diving in Bay of Fundy and surface or near-surface feeding in Cape Cod Bay), the proportion of time individuals spent capturing prey would likely differ between habitats.
For the deeper diving Bay of Fundy animals we accounted for ascent, descent, and bottom phases (where prey consumption likely occurs), and surface recovery times using results from 3 tagging studies conducted on North Atlantic right whales in the Bay of Fundy (Goodyear 1996 , Baum gartner & Mate 2003 , Nousek-McGregor 2010 . According to these studies, right whales spend ~53% of their entire dive cycle (i.e. ascent, de scent, bottom phase and surface recovery) near the ocean floor where they are as sumed to ingest prey. Thus 47% of the time that right whales spent foraging in the Bay of Fundy was lost due to ascent and descent and respiratory recovery at the surface. We also assumed that prey densities and species composition remained constant over the foraging period, and we corrected for the inefficiencies of right whale baleen to capture prey by applying filtration efficiencies (B filtration ) (Mayo et al. 2001, C. A. Mayo & S. M. E. Fortune unpubl. data) to the following energetic consumption (EC) estimate:
RESULTS
Energy requirements
Mean (± SD) daily energy requirements (averaged over 1 yr for calves, 8 yr for juveniles and 13 yr for adults) differed between demographic groups. Calves (1767 ± 261.0 MJ) and adult males (1793 ± 261.3 MJ) required the least total energy per day and lactating females required the most (4120 ± 414.0 MJ; Fig. 1, Table 4 ). Pregnant females (2090 ± 329.6 MJ) and juveniles (2104 ± 345.2 MJ) required marginally more energy each day than resting females (1906 ± 302.9 MJ; Fig. 1, Table 4 ). However, daily energy needs as a proportion of mean body size (Fig. 2) shows calves required the most energy per unit mass (0.227 MJ kg ). North Atlantic right whales exhibit rapid post-natal growth and consequently, the mean daily energy requirements of immature (calves and juveniles) animals varied considerably overtime (Fig. 3) . For example, calves attain ~75% of their maximum size upon weaning and their mean daily energy requirements increase by ~57% between age 0 and 1 (mean daily energy requirements range from 730 to 1700 MJ, Fig. 3) . Furthermore, juvenile animals attain 92% of their maximum size before sexual maturity (9 yr) and their energy requirements increase by ~27% between age 1 and 9 (mean daily energy requirements range from 1770 to 2410 MJ; Fig. 3 ). The predicted energy needs of calves (0.5 to 1.0 yr) is higher than juveniles (2 to 3 yr) because of the high costs associated with post-natal growth (e.g. elevated production and metabolic costs). Upon weaning at 1 yr, the daily growth rate of juveniles decreases considerably (For tune et al. 2012) , thus lowering energetic requirements. Mean daily gross energy requirements for different demographic groups of North Atlantic right whales predicted using the generalized bioenergetics model and calculated as annual energy requirements divided by the number of available foraging days per year. Males: reproductively mature adults (≥9 yr); females: adults ≥9 yr that were not pregnant or lactating; calves: animals aged 0 to 1 yr; juveniles: animals >1 and < 9 yr of age. These estimates were derived from 10 000 Monte Carlo simulations that incorporated uncertainty assuming model para meter probability distributions of either normal, uniform, triangular or gamma, as described in Table 3 . Bar: median; box: interquartile range; whiskers: max./min. values; dots: outliers The amount of food required by North Atlantic right whales, expressed as a proportion of their own body mass, varied across demographic groups. Assuming 1 g of prey contains 4.186 kJ of energy (Lockyer 1981 , Kenney et al. 1986 , Mauchline 1998 , calves required the greatest relative biomass (5.4 ± 0.76%) followed by lactating females (3.6 ± 0.37%; Table 5 ). Conversely, non-reproductive adults only needed to consume the equivalent of 1.6 ± 0.24% for males and 1.7 ± 0.27% of their body mass per day for resting females to meet their food requirements (Table 5) .
Residency time
Of all the demographic groups of North Atlantic right whales analyzed (lactating, non-lactating, juvenile and adult male), we found that lactating females spent the longest time (mean ± SD) on the calving grounds off Florida and Georgia (46.32 ± 14.60 d), and that males spent the least time (3.11 ± 3.33 d; Fig. 4) . This difference between residency times of males and females is consistent with what we anticipated given the reproductive biology of North Atlantic right whales. Residency times for non-lactating adult female (23.75 ± 18.60 d) and juvenile (16.33 ± 8.50 d) right whales were similar to each other, but significantly shorter than for the lactating females (Fig. 4) . This analysis only included data collected from the calving grounds and thus assumes that all demographic groups spend a portion of the year fasting. . Calves consisted of animals aged 0 to 1 yr and juveniles represented animals >1 and < 9 yr of age. These estimates were derived from 10 000 Monte Carlo simulations that incorporated uncertainty into model parameters. The elevated energy needs of calves between 0.50 and 1 yr (compared to juveniles of 2−3 yr) largely reflects the high cost of body growth (of which ~75% occurs during dependency). Boxplot limits as in Fig. 1 
Sensitivity analysis
Systematically incorporating uncertainty into different model parameter groups (i.e. production, digestion, metabolism, time fasting and reproduction) showed that overall the model predictions were most sensitive to uncertainties in the energetic costs of digestion and fasting. For example, digestion introduced the greatest uncertainty into the predicted energy requirements of calves (mean CV 14.03, range 11.77 to 14.03) and juvenile right whales (15.81, 12.44 to 15.81; Fig. 5 , Table 4 ). Digestion also had the greatest effect on the predictions of energy requirements for adult males (14.57, 13.78 to 14.57; Fig. 5 , Table 4 ) due to the short time males spent on the calving grounds and the considerable uncertainty in estimated fecal and urinary digestive efficiency associated with consuming a mixed diet and the inefficiency of utilization of metabolizable energy. The predicted energy needs of non-reproductive females were also most sensitive to estimates of digestion (15.89, 13.81 to 15.89; Fig. 5 , Table 4 ). The predicted energy needs of pregnant (15.27, 13.39 to 15.27) and lactating females (9.94, 7.61 to 9.94; Fig. 5 , Table 4) were most sensitive to fasting due to the greater range in time they spent on the calving grounds.
Prey consumption
Particle densities of prey differed between the 2 feeding habitats. In the Bay of Fundy, prey samples taken near feeding right whales (6618 ± 3481 organisms m (Fig. 6 ). This suggests that the nutritional value of prey found near the North Atlantic right whales was better on average in the Bay of Fundy.
Our estimates of the mean (± SE) amounts of food that right whales consumed in the Bay of Fundy and Cape Cod Bay differed significantly between habitats. Assuming minimum, mean and maximum foraging distances (i.e. distance traveled while forag- Table 5 . Eubalaena glacialis. Predicted food requirements expressed as a proportion of mean body mass (Fortune et al. 2012 ) that each demographic group of North Atlantic right whales need to consume to meet their predicted daily energy needs, assuming 1 g of prey is equivalent to 4.186 kJ Fig. 4 . Eubalaena glacialis. Mean residency times on the calving grounds (Florida and Georgia, Southeastern US) for different demographic groups of North Atlantic right whale calculated by subtracting the last day seen on the calving grounds from the first day seen using identification data from the North Atlantic Right Whale Consortium from 1991 to 2009 (n = 18 yr). Adult males were absent from the calving grounds in 1991 and thus received a residency time of 0 d for this year. Each boxplot shows the distribution of 18 annual mean residency times. Boxplot limits as in Fig. 1 , and a maximum of 1311 ± 1348 MJ d −1 (Fig. 7 ) in Cape Cod Bay. Although foraging speeds were greater in the Bay of Fundy (Baumgartner & Mate 2003) during the bottom phase of deep dives when whales were assumed to be feeding at depth, the area covered while foraging was less than that for skim feeding whales in Cape Cod Bay (Mayo & Marx 1990 , and a maximum of 2559 ± 1345.82 MJ d −1 (Fig. 7) for a maximum swimming distance of 36 km d −1
. Foraging right whales thus obtained more en ergy while foraging in the Bay of Fundy than those foraging in Cape Cod Bay.
The bioenergetic model estimates of mean daily energy needs showed some disparity with the fieldderived estimates of energetic consumption for Cape Cod Bay and Bay of Fundy. For example, lactating females foraging at their maximum rates would obtain on average ~62% (47-77 95% CI) of their predicted energy needs from the Bay of Fundy, and onlỹ 33% (20-44) of their food requirements by foraging in Cape Cod Bay (Table 6 ). Comparatively, lactating females could obtain ~39% (29-54) of their needs in Cape Cod Bay and ~77% (59-95) in the Bay of Fundy when fasting costs are not accounted for (~19% decrease in mean daily GER). However, adult males almost met their needs in Cape Cod Bay (~73, 45-101%) and exceeded their needs in the Bay of Fundy (~142, 109-176%) under the same foraging scenario (Table 6 ). Foraging success (in terms of meeting daily energy requirements) appears to differ between demographic groups and may be higher in the Bay of Fundy compared to Cape Cod Bay.
Based on estimates of average energy consumption derived from the relatively few prey samples (n = 28 in Cape Cod Bay between 2001 and 2010, n = 19 in the Bay of Fundy between 2000 and 2001), right whales in Cape Cod Bay needed to feed for significantly longer to meet their daily needs, and there did not appear to be sufficient energy in either habitat to support lactating females (Table 6 ). However, a , and 11-14% of the samples were sufficient to meet their needs under the 22 h d -1 feeding scenario (Table 6 ). In the Bay of Fundy all demographic groups, except lactating females, were able to meet their food needs after foraging for only 12 h d -1 , and all demographic groups were able to achieve an energy balance after foraging for 15 and 22 h d -1
. Thus, the model predictions of energy requirements are consistent with the field estimates of prey availability assuming that the whales could locate the higher energy-rich patches.
DISCUSSION
Calculating the energy needs of North Atlantic right whales by demographic group provides a perspective on the nutritional status and potential impacts on recovery of right whales that previous models failed to capture. Most notably, the model shows that lactating females had the highest energy needs of any group and that they may experience an energy deficit when foraging in Cape Cod Bay and the Bay of Fundy. The discrepancy between the predictions of daily energy needs and estimates of actual energy consumed suggests that lactating females are more susceptible to experiencing periods of nutritional stress than any other demographic group. This finding has implications for the recovery of right whales.
Model predictions
With the exception of lactating females, the daily energy needs of most demographic groups of North Atlantic right whales appear to be relatively similar , respectively, for BOF. Although the time spent foraging is assumed to be the same for both habitats, the time individuals are assumed to be consuming prey is different. Differences between minimum, mean and maximum prey ingestion for CCB and BOF are based on observed disparities between the dominant feeding techniques (deep diving in BOF and skim feeding in CCB) employed in both habitats. Consumption estimates were also corrected for imperfect filtration (Eq. 6) to one another (Fig. 1) . The model suggests that mean daily intake ranges from 1793 to 2104 MJ for juveniles, adult males, and adult females (pregnant and non-pregnant) . This equates to ~427 to 568 kg of copepods d −1 for each individual, assuming that copepods contain ~4.186 kJ g −1 wet wt (Kenney et al. 1986 , Mauchline 1998 , Lockyer 2007 ) and more than twice that of adults (i.e. an adult female requires 0.07 MJ kg −1 ). The higher relative energy needs of young animals compared to adults reflect the high energy costs associated with body growth and associated elevated meta bolic requirements (e.g. Brody 1945 , Worthy 1987 , Hansen et al. 1995 . North At lantic right whales attain 76% of their maximum length but onlỹ 46% of their weight within the first year of life (Fortune et al. 2012) . However, juvenile right whales obtain ~76% of their maximum mass by 8 yr of age (Fortune et al. 2012 ) and thus their basal metabolic rate was estimated to be elevated by 20%. Thus the difference in the daily energy requirements of juveniles compared to adult males is relatively small (i.e. juveniles re quired only ~15% more energy than adult males) compared with the energetic re quirements of calves.
Adult males require ~6% less energy (MJ d −1
) than non-reproductive adult females due in part to differences in body composition (blubber and lean tissue). However, most of the estimated difference between adults reflects the smaller portion of time that adult males spend fasting on the calving grounds -and hence the greater amount of energy that adult females have to make up for when they begin feeding again. Pregnant females also spend longer on the calving grounds than males and require ~14% more energy than males and ~9% more energy than nonreproductive females. This suggests that the energetic cost of carrying a fetus to term is relatively low. These estimates of fasting times by demographic groups are the first to be calculated for North Atlantic right whales and had a substantial effect on the amounts of food that right whales were predicted to require during the rest of the year.
While the daily cost of pregnancy alone may be low (0.077 MJ kg ). All values are means with 95% confidence limits in brackets, with numbers in bold indicating when the predicted daily energy needs were within ± 15% of the energy consumed. Also shown are the percentages of prey samples for each region (n = 28, Cape Cod Bay; n = 19, Bay of Fundy) that contained sufficient energy to meet (within ±15%) or exceed (>15%) the predicted daily energy needs of the right whales. Instances when at least one prey sample yielded an estimate of energy consumption that was within 15% of the predicted energy needs is indicated in bold day compared to pregnant females (4120 ± 414.0 vs. 2090 ± 329.6 MJ d −1
) and had the highest demands compared to other groups (Fig. 2) . The high food requirements of lactating North Atlantic right whales presumably reflect the energy required to support rapid postnatal growth (Fortune et al. 2012 ) over thẽ 12 mo nursing period (Hamilton et al. 1995 , Hamilton & Cooper 2010 . Lactating females also spend 23 d more than non-lactating females fasting on the calving grounds. Thus, lactating females have a shorter foraging season compared to other demographic groups.
The model predictions for North Atlantic right whales are consistent with estimates of daily energy and biomass needs that have been calculated for other baleen species. For example, analysis of stomach contents and predictions of feeding rates for other cetaceans suggest that large baleen whales consume 1.5 to 2.0% of their body weight per day in food (Lockyer 1981) and that fin whales Balaenoptera physalus consume 1.6 to 3.3% (Vikingsson 1997 , Lockyer 2007 . Furthermore, Sergeant (1969) suggested that baleen whales would require 4% of their body weight per day in prey during the summer foraging season. These estimates are comparable with the range of the model predictions for North Atlantic right whales (1.6 to 5.4% body weight d -1
). In terms of lactation and gestation, studies of other large whales have also found the costs of gestation to be minimal compared to those of lactation. Such differences have been found for lactating baleen whales, which are predicted to require double the energy of pregnant females (Lockyer 1984) . We found that the mean daily energy needs were 50% higher for lactating North Atlantic right whales compared to pregnant females. Furthermore, our model predicts that lactating right whales would requirẽ 15 times more energy than pregnant females to meet the costs of nursing alone, which is comparable to the predictions for fin and Antarctic blue whales Balaenoptera musculus (Lockyer 1981) . Additional bioenergetic models that incorporate fetal growth models have also found that baleen and odontocete species incur marginal costs to support gestation (Lockyer 2007) .
Model validation
The consistency between the model predictions and those from other bioenergetic models of large baleen whales suggests that the estimates are reasonable. However, such a comparison alone is insufficient to validate the results given that all of the existing bioenergetic models for baleen whales are simplifications of complex systems that have tended to rely on a common set of assumptions and model parameter values.
Comparing the predictions of energy requirements with empirical data used to estimate prey consumption is another means to evaluate the model. A percent difference between the model predictions and estimates of prey consumption of >15% is considered to be unacceptable and would imply that the model is not supported and should be re-parameterized (Berkson et al. 2002 , Chipps & Wahl 2008 . We therefore evaluated our model by comparing predictions of mean daily energy requirements with (1) estimates of average energy consumption and (2) individual estimates of energy consumption derived from 28 prey samples in Cape Cod Bay and 19 in the Bay of Fundy.
Our study showed close agreement (i.e. ≤15% for all demographic groups except lactating females) between the (95% CIs) estimates of consumed and required energy when individuals foraged on energyrich prey patches (i.e. those representing the upper 95% confidence limits in Cape Cod Bay) for 22 h d (Table 6 ).
The apparent discrepancy between observations and predictions in Cape Cod Bay may reflect an error in model parameterization or could be due to an error in sampling prey in the field. However, given the observed signs of nutritional stress identified in mature females, this discrepancy may also reflect a real phenomenon of food shortage for lactating females. Few of the model parameters were drawn from direct measurements of right whales because commercial whaling was banned before standard data collection techniques were implemented (e.g. fetal length and weight recording) and because of the inherent logistical constraints involved in studying the energetics of wild cetaceans. Therefore, we relied on model parameters taken from other species (e.g. lactation, heat increment of feeding), which may have overestimated energy needs. Other parameters in the bioenergetics model were estimated using allometric relationships derived from captive studies (e.g. basal metabolic rate, gestation), which could bias model results.
The other possible explanation for the discrepancy between the model predictions and field observations is that observed rates of prey consumption by right whales were underestimated in Cape Cod Bay due to sampling limitations. Differences in the vertical distribution of prey and right whale foraging behaviour resulted in different sampling methods being used to collect zooplankton in Cape Cod Bay and the Bay of Fundy (Mayo & Marx 1990 , Baumgartner et al. 2003a ,b, Baumgartner & Mate 2003 , Parks et al. 2012 . As a result, surface-net sampling in Cape Cod Bay may have underestimated prey consumption compared with deep-water sampling occurring in the Bay of Fundy, where vessel turbulence was less likely to affect prey densities sampled. However, prey densities in the Bay of Fundy may be imprecise as well because collection occurred at specified locations and depths where the whales were assumed to be feeding (Baumgartner & Mate 2003) compared to Cape Cod Bay where the animals were confirmed to be feeding. Therefore, prey densities sampled near feeding whales in Cape Cod Bay and the Bay of Fundy may be lower than actual densities consumed because of sampling error and should be considered minimum estimates.
Overall we feel that the model parameters used were reasonable and yielded realistic estimates of energy requirements for right whales. We included all of the important parameters that significantly influence energy requirements and addressed uncertainty in their values (and on model predictions) by assigning error terms for each input value. The model predictions thus consist of a range of values that reflect the relative uncertainty surrounding the parameters used to generate the estimates of energy requirements and should be applied with this uncertainty in mind. The predictions also compare favorably with field estimates of consumption in the Bay of Fundy but not as well with those from Cape Cod Bay due perhaps to underestimating prey densities in the surface waters. A noteworthy finding, however, is that the model suggests that right whales would need to feed for long hours in Cape Cod Bay to make ends meet (up to 22 h d −1 ). This prediction is consistent with limited field observations showing continuous feeding for over 8 h by right whales that were individually followed in Cape Cod Bay (Jaquet et al. 2007) .
The average energy density of prey patches sampled in Cape Cod Bay and the Bay of Fundy appear to have been insufficient to support lactating females (Table 6 ). However, some of the individual prey patches sampled were sufficient to meet and exceed the model estimates of energy needs in both habitats ( ) of the energetic needs of lactating females. Thus, lactating females could meet and exceed their food requirements in Cape Cod Bay and the Bay of Fundy provided they could access nutritionally rich prey patches, but would have had difficulty if they relied on average patches. These results suggest that the model predictions are reasonable and that average energetic consumption alone may not be adequate to evaluate the model outputs because of variability in the caloric density of prey patches. Collecting additional prey samples to estimate ingested energy, and specifically targeting prey patches consumed by lactating females, will shed more light on how likely lactating whales are to meet their predicted energy requirements in both habitats and how foraging success is impacted by variability in prey quality and quantity over space and time.
Habitat quality
Some of the discrepancy between the predicted energy requirements and estimated prey consumption by right whales in Cape Cod Bay may be explained by sampling methodology. However, the underestimation of prey abundance by so much in this location or the great overestimation of the energy needs of right whales seem unlikely. This raises the possibility that Cape Cod Bay is in fact a marginal habitat for some right whales that have elevated energy needs, such as lactating females. It may also explain why so few calves are observed in Cape Cod Bay compared to the Bay of Fundy.
Lactating females typically arrive in Cape Cod Bay towards the end of the time when zooplankton sampling and systematic aerial surveys are usually conducted in April or May (Jaquet et al. 2007 ). The whales' arrival corresponds to a time when prey densities are at their maximum, and the dominant species is Calanus finmarchicus (DeLorenzo Costa et al. 2006b ). However, only ~10 to 31% of annually identified mother and calf pairs are found during this time in Cape Cod Bay (Jaquet et al. 2007 North Atlantic right whales make a living by foraging on different taxa, life-stages and sexes of calanoid copepods that differ in energetic value. These primary prey taxa include Calanus finmarchicus, Pseudocalanus spp., Centropages hamatus and Centropages typicus (Mayo & Marx 1990 , Durbin et al. 1995 , Beardsley et al. 1996 , Baumgartner & Mate 2003 , DeLorenzo Costa et al. 2006a , of which C. finmarchicus appears to form the largest proportion of the whales' diet ) throughout most of the feeding range of the species. Some feeding habitats are dominated by C. finmarchicus, particularly Stage 5 (CV), which are of high caloric value (DeLorenzo Costa et al. 2006a ). CV C. finmarchicus are the second most energetically dense of the life stages because they maximize their lipid stores before entering a diapause period when the food supply is low (Michaud & Taggart 2007) . The ability of right whales to optimally forage requires them to locate prey patches of adequate size and caloric value and efficiently consume the prey.
As migratory species, right whales utilize various foraging habitats in the western North Atlantic such as Cape Cod Bay, Great South Channel, Roseway Basin and the Bay of Fundy. Movements of whales among these habitats appear to coincide with seasonal cycles in the quantities and energetic qualities of calanoid copepods in the Gulf of Maine (particularly Calanus finmarchicus) (Baumgartner et al. 2003a) . Most whales typically begin foraging in Cape Cod Bay on Centropages typicus and Pseudocalanus spp., which are dominant but not energetically rich (DeLorenzo Costa et al. 2006a) . Maximum abundance of right whales in Cape Cod Bay coincides with the emergence of the more energy-rich prey species -C. finmarchicus (typically early stages) (Jiang et al. 2007 ). In late spring and early summer, whales feed in the Great South Channel on dense aggregations of C. finmarchicus (Pendleton et al. 2009 ), then move northward at the start of the summer to the deep habitats such as Roseway Basin and the Bay of Fundy to exploit diapausing CV copepods (C. finmarchicus) that are high in lipids.
North Atlantic right whales that forage in the Bay of Fundy may obtain higher energetic returns than those that feed in Cape Cod Bay because of the higher quality of prey rather than the sheer quantity. Despite considerably lower prey densities in the Bay of Fundy, the energetic density of prey patches averaged ~2.6 times more energy than in Cape Cod Bay. This higher energetic density in the Bay of Fundy likely reflects the dominance of lipid-rich CV Cala nus finmarchicus (Michaud & Taggart 2007) compared to various taxa (e.g. Centropages typicus and Centropages hamatus) and developmental stages of calanoid copepods with differing levels of lipid content in Cape Cod Bay (Mayo & Marx 1990 , DeLorenzo Costa et al. 2006a . Improved prey quality suggests that right whales can more easily meet their predicted energy needs in the Bay of Fundy. For example, adult males would requirẽ 10 times as many Centropages typicus and ~6 times as many Pseudocalanus spp. as C. finmarchicus to meet their predicted energy needs (using average values of copepod calories across all life-stages; DeLorenzo Costa et al. 2006a ). This suggests that foraging success is lower in Cape Cod Bay because individuals need to spend more time locating and consuming prey than in the Bay of Fundy. Consequently, foraging success and thus habitat quality may be more dependent upon prey quality (i.e. kJ organism −1 ) than prey quantity.
If foraging success is compromised in Cape Cod Bay, North Atlantic right whales may exploit other habitats to recoup their energetic losses. Cape Cod Bay is a seasonally important winter foraging ground for right whales and is likely the first foraging habitat visited after fasting on the calving grounds (Watkins & Schevill 1979 , Schevill 1986 , Hamilton & Mayo 1990 , Mayo & Marx 1990 , Kraus & Kenney 1991 . However, if individuals do not consume sufficient energy to meet their daily needs, they may travel to adjacent habitats where feeding conditions are better (e.g. Massachusetts Bay, the ocean side of Cape Cod, the Great South Channel) and may subsequently re-enter Cape Cod Bay at a later date. For example, 44% (n = 59) of the individual right whales that are observed more than once in Cape Cod Bay have been estimated to enter and leave the habitat 1 to 3 times in 2007 (Jaquet et al. 2007 ). Alternatively, individuals may be able to offset an energy deficit later in the season while occupying habitats with energy rich prey such as the Bay of Fundy, where most demographic groups appear capable of exceeding their predicted immediate daily energy needs. Given these scenarios, poor prey availability or quality, resulting in daily energy imbalances in Cape Cod Bay, seems unlikely to be sufficient to cause an overall deficit in an individual's annual energy budget, but changes in habitat quality outside of Cape Cod Bay could have significant implications for North Atlantic right whale health and reproduction.
Nutritionally stressed?
Right whales that migrate northwards in the spring may demonstrate signs of nutritional stress if they are unable to recoup their energetic losses in Cape Cod Bay or in other foraging habitats such as the Bay of Fundy. Pronounced shifts in environmental con ditions thought to influence prey availability may reduce foraging opportunities and result in an energy imbalance (Greene & Pershing 2004 , Miller et al. 2011 . Consequently, individuals may further catabolize their fat stores to supplement their daily needs (Miller et al. 2011) . Lactating females are likely to show the greatest decrease in blubber reserves because of the increased time spent fasting on the calving grounds and the high costs of lactation. Extensive catabolism would result in apparent emaciation of individuals (Pettis et al. 2004 ) and lowered reproductive fitness such that adult females may forgo pregnancy if a critical proportion of their body fat is lost (Miller et al. 2011) .
Without sufficient energy reserves, North Atlantic right whales may experience periods of prolonged anoestrus (Lockyer 1986 ) because blubber is a lipidrich energy store that is thought to support reproductive costs. For example, blubber is thickest in females before pregnancy (3 to 6 mo), thinnest during lactation, and thicker during recovery from lactation (Miller et al. 2011) . Therefore, the time between pregnancies may be a function of the time needed to restore their blubber, which may ultimately drive calving intervals and birth rates.
Signs of compromised health have been observed since the mid-to-late 1990s when North Atlantic right whales appeared emaciated and exhibited various forms of skin lesions in the Bay of Fundy (Pettis et al. 2004 , Rolland et al. 2007a . Blubber thickness of juveniles and adult males was significantly thinner in 1998 when abundance of prey (especially Calanus finmarchicus) was low in the Gulf of Maine (Pershing et al. 2005 , Miller et al. 2011 , and 52% of the sampled population (n = 439 whales sampled in total) had white lesions on their bodies (Hamilton & Marx 2005 , Rolland et al. 2007a ). These observed changes in health coincided with a change in the North Atlantic Oscillation (Greene et al. 2003 , Rolland et al. 2007a ) that may have adversely affected the availability of prey and nutritionally compromised the reproductive success of the right whale population (Greene & Pershing 2004) . In recent years, reproduction has ranged from 1 to 39 calves born per year with a mean calving interval, the time between individual birthing events, that has oscillated between ~3 yr and over 5 yr (Kraus et al. 2001 , 2007 , Waring et al. 2011 ).
Compared to the Southern Hemisphere species of right whale Eubalaena australis, North Atlantic right whales appear to be in poorer condition and have lower reproductive success, suggesting that they are indeed nutritionally stressed. For example, blubber layers are significantly thinner in North Atlantic right whales than in South African right whales, which are presumed to have a more favorable nutritional regime (Miller et al. 2011) . Similarly, calving rates of North Atlantic right whales are on average one-third to one-half that of the southern populations (Kraus et al. 2007 , Browning et al. 2010 , which also have a lower and more stable calving interval of 3 yr (Best et al. 2001 , Burnell 2001 , Cooke et al. 2001 . Superior foraging opportunities and decreased fasting times (e.g. females forage on large, late-stage calanids while nursing in Peninsula Valdes, Argentina; Hoffmeyer et al. 2010) may account for the better condition and higher reproductive success of southern right whales, while greater interannual variability in quantities and qualities of prey may explain the lower performance of North Atlantic right whales.
Lactating, and to a lesser extent pregnant, female North Atlantic right whales may experience periods of nutritional stress because of their elevated energy needs. They are also likely to be more vulnerable to fluctuations in prey abundance and need to allocate more time per day to foraging than other demographic groups to meet their daily energy needs. The models suggest that lactating females cannot obtain enough energy to meet their predicted energy requirements in either habitat unless they feed on prey patches with higher energy densities than occur on average. Pregnant and lactating right whales may thus be living on the 'edge'. All told, the bioenergetics model in combination with field data on prey densities and feeding behaviour suggest that the recovery of right whales is tied to the nutritional and physiological status of mature females. Along with observations of thin right whales, this further suggests that the slow recovery of North Atlantic right whales may be attributable in part to nutritional stress.
Our findings provide insight into the significant differences in quality and quantity of prey available to right whales in their core feeding habitats, and the potential that some demographic groups of right whales in the North Atlantic Ocean are subjected to nutritional stress. However, further quantitative assessments of the nutritional status of right whales will require the application of novel techniques to measure the resting metabolic rate of different demographic groups of right whales and the costs of lactation. Furthermore, continuous sampling of prey over the course of the year is necessary to estimate annual energetic consumption. Prey samples should also be collected in the presence of recognizable individuals (i.e. for animals of known age, sex and reproductive state), and the quality of prey consumed should also be frequently estimated to account for seasonal and temporal changes in prey quality. 
